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Because of the need for low dielectric " constant ceramic 
substrates to minimize the .delay time in t·eday' s high switching speed 
VLSI circuits, interest· exists as to the dielectric behavior of 
composite materials. For this reason silica ba~ed composites, such as 
.. porous silica, are being considered for filling this need. The 
dielectric behavior of such composites is dependent on volume 
I 
. fraction, shape, size, and di~lectric constant of each constituent 
phase. ¢,In this investigation two silica based composites, synthetic 
I. 
opal and porous silica, were studied in order to correlate dielectric 
properties with composite microstructure. The experimental results 
were compared with various dielectric mixing models found in the 
literature. 
Light optical microscopy of the synthetic opal revealed the 
structure to be composed of columns approximately 0.9mm. in width, 
ali.gned parallel to each other, each having different optical 
diffraction colors. TEM · characterization showed the columns to be ;--
composed of zirconia spheres dispersed in a silica matrix. ~ It was 
found that these columns in syntheti~ opal resulted in an anisotrppic 
dielectric behavior, dependent on orientation of the columns relative 
to the electric field. Dielectric mixing models were found to 
underestimate the dielectric constant of the synthetic opal. 
The porous silica samples studied in this work could be made with 
dielectric constants less than 3 and showed an overall best fit with 
Lichtenecke,r' s logarithmic rule. However, it was also found that the 
~ loss tangent increased with increased porosity, possibly due to 
· surface conduction along. interconn·ected. pores. 
1 
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Introduction 
" 
'Due to increased circuit density and the need to minimize ·tielay 
times · in today's VLSI devices, interest exists as to the· dielectric y 
behavior of low permittivity composite ceraniics. Transmission signal 
delay times are "strongly dependent on the relative dielectric constant 
of the substrate material. In ord~r ~o minimize the time delay, Td' 
the dielectric constant should be low and the transmission distance 
·short. This is shown from the relationship Td = (k) 112 1/c, where k 
b 
is the relative dielectric constant, 1 the length the signal • 1S 
travels, and c is the speed of light. 1 For state of . the art Ga-As 
devices, Gilbert 2 has shown, that the dielectric constant of the 
. 
substrate should be less than 3. normal alumina However, • ceramic 
packages have dielectric constants near 9. For this reason silica 
I• 
base.cl composites are being considered for filling this need. Polymer 
substrates have low permittivities, however they are limited in their 
tolerance to-·radiation and extreme environments. On the other hand, 
~ porous silica based composites can be made with dielectric constants 
less than 3, and the possibility of impregnating the pores with a high 
thermal co.nductive material makes silica composites even more 
interesting •. 
The dielectric behavior of compos.ites is strongly dependent on 
the volume fraction, 
1
shape, dielectric constant, and distribution of 
t 
. 
" 
each constituent. Discontinuities in the microstructure such as 
pores, second phases, grain boundaries, and inclusions can disrupt the 
flow of dielectric flux lines, causing a change in the dielectric 
behavior. Through the use of appropriate models, deliberate formation 
2 
\ ~ 
• 
,, 
' 
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'} 
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.. 
' \ 
of pores or second phases can be used to tailor substrates with the 
desired di~lectric properties, 
microporous·silica. 
as in the. case of low permittivity 
r 
II" 
Two silica based composites were studied in this work, each of ,, 
them produced through sol-gel methods. Sol-gel process·ing provi~es a 
. 
more controllable route for producing porous and diphasic silica 
composites. The first composite, synthetic opal, consists of small 
zirconia spheres embedded in a silica matrix. The second cotdposite, 
porous silica, was composed of sintered amorphous fumed silica. Both 
composites were studied in order to correlate composite structure with 
dielectric constants. Experimental dielectric constants were then 
compared to various dielectric models in the literature. 
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Background ... 
" I 
A. Porous Silica via Sol-Gel Proc~ssing 
• Several sol-gel processing techniques hive been developed 
recently ~or preparing high purity ceramics and glass. Some of these 
include gelling of colloidal sols of fumed silica and water, gellation 
of alkali silicate sols, sintering S'uspensions of fumed silica in 
deionized water, and also hydrolysis of tetraethyl orthosilicate 
(TEOS). The advantage of using these sol-gel techniques is their 
ability to produce dielectric composites with varying degrees of 
porosity. By changing the amounts of each component in the sol, as 
# 
well as the sintering temperature, composites with a range of 
,, porosities and pore sizes can be produced. Such processing techniques 
have potential for developing low permittivity, high purity 
and glass substrates for electronics packaging. 
• ceramic 
Generally, two sol-gel approaches have been used for making bulk 
" 
ceramics and' glass, that of gelling and sintering colloidal sols and 
the other being polymerization of metal ·alkoxides. 
• several sol-gel techniques for producing porous 
based on the two approaches, will be described. 
Gelling of Alkali Silicate Sols 
Itf · this section, 
silica composites, 
3 One of the most popular techniques, developed by Shoup, involves 
\ 
the controlled gellation of mixtur·e,s containing potassium silic~se and 
colloidal sil.ica. With the addition of an organic reagent such as 
f ormamide, polymerization of the silica,te occurs farming a porous gel 
of silica. Pore size is controlled by varying the ratio of potassium 
silicate to colloidal silica, 3 ·and can r 9nge from lOOA to 3600A. 
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The typical Shoup pro,cess involves mixing potassium silicate with 
colloidal silica in the desired weight ratio. With continued mixing, 
formamide is added • 1n 
CJ ) 
solution. The mixture 
allowed to gel. 3 
the amount 
• then 1S 
of 10 
placed 
weight percent of the total 
in a plastic container and 
Upon polymerization of the silicate network,· the gel .undergoes \ 
' phase separation into a silica rich and alkali rich phase. The alkali 
rich phase can then be easily leaclT"ed away in a weakly acidic solution 
to leave a microporous silica structure low in alkali content. 3 Shoup 
has produced samples with less· than 200 ppm alkali*", using this method. 
One of the advantages of Shoup's approach is the availability and 
low cost of the potassium silicate and c-0lloidal silica starting 
materials. In addition to the low cost and availability, the process . 
~ 
provides good control over pore size and porosity, allowing the silica 
to be tailored to a broader range of permittivities. Also, pore sizes 
can be made large enough to overcome capillary stresses in the 
specimen during dehydration and sintering, permitting monolithic 
samples to be made without: fracture. 
The drawbacks to Shoup' s 
silicate starting materials. 
technique • 1S in the use of alkali 
In the electronics industry, alkali 
contaminants should be minimized to reduce the chance of ion pile up 
on the active silicon interfaces. In order to reduce the alkali 
content an additional leaching step is required. Other sol-gel 
techniques start out with ·· high purity, low alkali content materials 
and do not have to be leached. 
5 
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Hydrolysis of TEOS 
Probably the most researched sol-gel technique for producing 
silica glass has been that of polymerization · of alkoxysilanes, 
specifically the hydrolytic polycondensation of tetraethyl 
orthosilicate (TEOS). A number of articles on this technique have 
been presented in the Journal of Non-Crystalline Solids, volume 48. 4 
This .section will cover the basic principles of the technique and 
review some of the benefits and problems associated with this sol-gel 
route. 
The basic technique involves mixing TEOS with ethanol to dilute 
the solution, followed by the add.ition of a mixture of water and 
catalyst. Water is necessary to carry out the hydrolysis. Ethanol 
used to dilute the TEOS, and HCl or NH40H are typically used 
catalyze the hydrolysis reaction. 5 The general hydrolysis 
polycondensation reactions are shown below. 
nSi(OC2H5) 4 + 4nH2o + nSi(OH)_4 + 4nC 2H50H 
nSi(OH) 4 + nSi02 + 2nH20 
Hydrolysis 
Polycondensation 
• is 
to 
and 
Once the constituents are mixed, the polyfunctional monomers 
undergo nonlinear condensation to form a gel. Upon formation of a 
gel, the generation of the network ceases and polymerization of the 
1 · · h · d d · 6 ge ~ncreases wit continue con ensation. Following completion of 
the reactions, the gel is heat, treated 'below the normal sintering 
temperatures to retain the microporous morphology while forming the 
' 
glass. The porosity and pore size distribution of the resultant glass 
are heavily influenced by the sol-gel preparation procedur~. Depending 
6 
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on the processing parameters, gels can be made with pore sizes of lOOA 
or less. 
Several factors can influence the gelling process. The chemical 
nature of the alkoxides, ratio of water to · alkoxides, pH of the 
solution, temperature of the reaction, and the concentration of the 
reactants all play a _part in the gelling process. 
The role of pH and the ratio of water to alkoxide are extremely 
important in controlling the hydrolysis and polycondenstion rates . 
For alkoxysilanes in acidic solutions, the rate of hydrolysis • 1S 
proportional to the concentration of acid, TEOS, and water, and the 
hydrolysis reaction proceeds faster than the condensation reaction. 
In basic solutions, however, the rate is proportional to the 
concentration of base and TEOS, and the condensation of SiOH groups is 
much faster than hydrolysis. 6 
Generally, for preparing bulk monolithic silica samples, rapid 
hydrolysis and polycondensation is undesirable. This causes rapid 
growth of the polymer which can trap SiOH groups between large three 
6 ~dimensional molecules, not permitting them to condense. This can 
induce cracking within the gel. Preferably, a slow, controllable 
hydrolytic polycondensation reaction is desirable for pro4ucing large 
~ 
monolithic samples. 
One advantage to using this sol-gel route \ . 1S the purity of the 
starting chemicals. ·TEOS, water, and ethanol can easily be distilled 
to assure purity. Unfortunately, there are several drawbacks. The 
starting chemicals are generally mor~ expensive than those of other ~ 
sol-gel techniques. There is less control over the porosity, and the 
gels have a much narrower range of porosities relative to other 
7 
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techniques. Furthermore, without the use of a drying control chemical 
additiye (DCCA), it is difficult to produce large bulk silica samples 
without having them crack. These cracks are due to capillary stresses ~ 
created by the evaporation of solvents from the micropores. The DCCA 
• lowers the solvent vapor ·pressure in these pores allowing the gel to 
dry without cracking. 7 
J Gelling of Fumed Silica Suspensions 
\ Anbther sol-gel processing technique involves dispersing high 
\ purity amorphous silica in deionized water, followed by gellation, 
drying, and sintering. Rabinovich et al. 8 have studied this route for 
producing high silica glasses and have derived a process involving a 
double dispersion technique. Using this technique, they could produce ... 
porous silica rods without the presence of cracks. 
The fumed silica used was a commercial product made from the 
• 
• 
reaction of silicon tetrachloride 1n a flame. This pyrogen1.c 
technique produces high purity silica powder with well defined 
particle size. 
In the single dispersion method, they dispersed water using a 
. high shearing rate blender. The sol was then poured into a glass 
tube, stoppered, and left to gel. , After about two hours, the gel I 
could be removed from the mold without loss of shape. 8. At t~is step, 
however, the gel would crack upon drying in air, due to the loss of 
i structural water and capillary stresses. 
To solve the problem of cracking during drying, Rabinovich 
introduced a second dispersion step into the process. Fumed silica 
,/ was dis.persed in water at a weight ratio of 40 grams Si02 to 100 grams 
H2o, and the sol was dried at 150° C, The dried-gel result~d in the 
8 
.. 
I 
.. 
• 
formation of porous silica fragments more dense than the original 
fumed silica. The dried fragmented material was then redispersed in 
water at a higher weight ratio of 68/100, poured into a glass tube and 
. 8 stoppered as before in the single dispersion technique. After the 
second gellation, the porous gel could be removed and dried at room 
temperature without the formation of cracks. The dried gel could then 
be sintered further to form gJass with the desired porosity. 
The structure of the silica produced by this double dispersion 
method has two levels. The first structure level is formed after the 
first gellation, where the unbroken silica fragm~nts contain pores on 
the order of 10 to 20 nm in size. After the second dispersion step,. 
larger pores are 
between 1 to 10 
formed between the aggregates, having pore • sizes 
It is these larger interconnected pores 
• microns. 
betwe~n the aggregates that allow water to evaporate, permitting the J 
gel to dry without forming cracks. Figure 1 is a schematic showing 
the microstructure of high silica glass produced by the double 
dispersion technique. 
The one problem with the double dispersion technique is that the 
larger 
large. 
pores between the silica 
Rabinovich et al. have 
aggregates{ 
shown tha~ 
can sometimes be very 
increasing the drying 
. 0 temperature up to 950 C after the first dispersion shrinks the large 
pores to smaller diameters. Figure 2 shows the pore size distribution 
for two twice dispersed, dried silica samples. For samples which were 
dried at 950° C after the first dispersion, the large pore peak shifts 
to_l.94 µmas compared to 8 µm with the material dried at 150° C. 
The advantages to Rabinovich' s technique include that of using 
high purity starting materials; The use of lo~ alkali. content 
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Figure 1. Schematic representation of the 
microstructure_ formed from the silica 
fragments using the double dispersion 
technique. After Rabinovich et al •. [8] 
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materials all9ws processing without the need for an alkali leachit?,g 
step. Also, the . fact. that only fumed silica and water are used make 
the Rabinovich method simple and less expensive than other sol-ge~ 
i1 techniques. 
Pressing of Aqueous Fumed Silica Gels 
Recently at the Pennsylvania State University, W.A. Yarbrough et 
9 
al. developed a sol-gel technique in which aqueous 
• processing 
suspensions of fumed silica could be gelled by adjusting the sol pH. 
The resultant gel co~ld then be prissed in a normal laboratory 
hydraulic press to from a silica body.with enough green strength to be 
removed t; from the mold and sintered. The basic process is described 
below. 
Similar to the Rabinovich approach, the fumed silica was 
dispersed in deionized water using a high shearing rate blender, and 
the sols stabilized with either nitric acid or ammonium hydroxide. 
Enough fumed silica was added to make the sols 15 to 20 weight percent 
• 
silica. Before sintering, the sols were gelled by destabilizing the 
suspensions with the appropriate additions of ammonia or HN03 • Upon 
gellation, the samples, were pressed in graphite molds using a standard 
hydraulic press. The pressed silica gels could then be calcined 
between 900°c and 1100°c to form noncrystalline silica bodies with 
. . . 9 varying porosities. 
According to Yarbrough, much of the interstitial water was 
removed during • pressing. When removed from the graphite mold, 
evaporation of the remaining water did not change the silica pellet 
size noticably. The removal of water during pr~ssing is probably the 
reason why the sample does not crack upon drying. 
12 
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Yarbrough's approach to preparing microporous silica samples is 
similar to that of Rabinovich's. Both methods use the same starting 
materials. Except for havil}g different sphere size fumed silica, the 
. initial sols are the same. The difference in techniques lies \P how 
they solved the problem of cracking during drying. The pressing step 
in Yarbrough's method forces the water out before drying and gives the 
silica compact sufficient green strength to overcome cracking, while 
Rabinovich's technique uses a double dispersion step to overcome the 
-craking problem. 
Several advantages exist for the pressing of silica gels. There 
is no cracking during the drying or sintering steps. The starting 
materials are readily available and less expensive. Also, thete seems 
to be more of a porosity range compared to that of polymerization of 
~ 
alkoxysilanes. One problem that might exist is surface roughness of 
the bulk silica samples. The roughness is on a micron scale which may 
''. ~ - .., 
limit the resolution of metallized transmis~ion lines in the package. 
Several sol-gel processing techniques have been presented. It is 
not , the goal of this thesis to reproduce these techniques, but to 
simply suggest the best routes for producing microporous silica from 
which packaging substrates might be made. 
The purpose, henceforth; is to attempt to correlate the porous 
morphology of these materials and the structure of other. silica 
composites to their dielectric behavior. Dielectri-c modeling of these 
materials is essential before these materials can be used. 
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B. Dielectric Modeling of Composite.Microstructures 
Several formulae have been developed over the years for 
predicting the dielectric constants · of composite microstructures. 
Many of these dielectric models ~ave been covered in review articles 
by L~chtenecker 17 , Reynolds and Hough18 , Meredith and Tobias 19 , Van 
20 21 Beek , and Payne and Cross • The renewed interest in dielectric 
modeling of composites . has bee.n sparked by the need for low 
\__, 
permittivity substrates for electronics packaging. 
The dielectricv behav'ior -of compos-ltes is strongly de.pendent on 
the volume fraction, shape, dielectric constant, and distribution of 
~ 
each constituent. Discontinuities in the microstructure such as 
pores, second phases, grain boundaries, and inclusions can disrupt 
the flow of dielectric flux lines, causing a change in the 
dielectric behavior~ Through the use of appropriate models, 
delibrate formation of pores or second phases can be used to tailor 
dielectric substrates with the desired properties, as in the case of 
low permittivity microporous silica. 
This section deals with the modeling of binary composites that 
have either a dispersed second phase or both phases continuous. The 
composite structures for which each of the models are applied will 
b 1 . f. d . f N h ' 22 ... e c ass1 1e 10 terms o ewn ams connectivity. 
' The connectivity of composite electronic ceramics is important 
for understanding how structure affects certain physical properties. l-.~-. 
Newnham was one of the . first to develop a -connectivity scheme for 
describing the structure of piezoelectric ceramics. His scheme can 
be applied on a macrostructure, microstructure, or crystal structure 
scale. 
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In binary composites, there can be ten connectivi.ty patterns. 
-Since each phase can be self-connected in zero, one, two, or three 
' dimensions, the possible patterns are 0-0, 1-0, 2-0, 3-0,. 1-1, 2-1, 
·. I . 3-1, 2-2, 3-2, and 3-3. 22 For instance, in a 2-2 pattern each phase 
•, is self-connected in two dimensions, resulting in a layered· 
structure. This can give • rise to· series or parallel property 
behavior. In a 3-0 composite, on the other hand, one phase is 
connected in three dimensions and· the second phase in zero 
dimensions. Examples of 3-0 composites include a matrix containing 
dispersed second phase particles, or liquid phase sintered materials 
having a ef glassy phase between the ' . . grains. In figure 
composites having different connectivities are shown. 
Composites with Dispersed Second Phases 
Maxwell Model 
5, some 
.. 
SI 
The first type of binary composite that will be discussed is a 
system with a dispersed minor phase of spheric.al particles embedded 
e in a major phase with three dimensional connectivity. Such a 
composite has a Newnham's connectivity of 3-0. 
As far back as 1904, Maxwell considered a system with small 
spheres dispersed in a matrix having different electrical 
conductivity. By solving the Laplace equations for potential in 
spherical coordinates, both inside and around the dispersed spheres, 
Maxwell derived an expression'\ describing the conductivity of the 
. 23 composite. Other physical properties,. · such as dielectric 
constant, show the same behavior in mixtures as that of 
-·-· conductivity. Consequently, the Maxwell expression is frequently 
• 
used for determining dielectric.constanta of similar mixtures. The 
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Maxwell solution is shown below, 
k 
m 
"' 
2k 
C 
2k 
C 
+ xd (k . - k ~ ) ] C u 
where kc is the :dielectric constant for the continuous phase, kd is 
the dielectric constant of the dispersed spherical phase, and xd is 
the volume fraction of dispersed spheres. !his equation assumes 
that the disco~ti.nuous .PhB;se consists of uniformly sized spheres 
separated far enough from each other so that their lines of flux do 
_'S:·:: . 
.,., ..... not interact. Maxwell '·-s equation, therefore'; is only applicable to 
binary composites with dilute, spherical second phases. 
Banno Model 
A more recent structure based model which may be more realistic 
24 than that of Maxwell has been developed by Banno for predicting 
the effect of closed pores on the dielectric properties of ceramics. 
25 Banno's model is based in turn on the model of Pauer , where a bulk 
composite • ceramic can be thought of • 1n terms of a unit cell 
consisting of cubes. Banno modified the Pauer model to include a 
shape factor, K , representing both the shape and distribution of s 
the second phase, where K =A/B. For simplicity, A represents the s 
length of phase 2 in the z direction of the unit cell, and B 
{:l 
represents both the x and y dimensions of phase 2 in the unit cell, 
where A< 1 , and B< 1. In the case where A= 1 and B< 1, the modified 
cubes model becomes a composite with 3-1 connectivity. When B=l and 
A<l, the resulting composite is a 2-2 type. When A=B, the composite 
is 3-0 type and we return to the cubes model. 
16 
' \' ., 
I 
,. 
,J 
/ 
In Banno's study, he considered a porous ceramic as a two phase 
composite containing dispersed pores in a ceram_ic matrix. Such a 
.. 
' .. 
stru~ture is the same from which the Maxwell model is b.ased, having 
a 3-0 connectivity. 
Banno, using Pauer's cubes model, derived the following 
expression for the dielectric constant of a ceramic with. closed 
pores. 
k = k [1 + 
m C 
----------
X l/3(k -l)K Z/ 3 + 1 d C S 
Herek is the relative dielectric constant of the continuous matrix C 
phase, xd is the volume fraction of dispersed closed pores, and Ks_ 
is a shape factor as described previously. In the case where the 
closed pores are equiaxed cubes or spheres, the ·shape factor, K, is 
s 
unity and Banno's expression simplifies to the equation below. 
k 
m 
- k 
C 
In figure 3, Banno has compared theoretical values from his 
model to experimental values for the dielectric constant of sintered 
titania as a function of porosity. Note, Banno' s model fits well 
when K =0.9 for porosities below 10 percent. s 
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Composites with Both Phases Continuous 
Rayleigh's Model 
Rayleigh derived a solution similar to Maxwell's except that he 
considered the dispersed phase 
h h h . 26 cylinders rat er t an sp eres. 
as infinitely long parrallel 
In this type of microstructure 
both phases can be considered continuous. ·. The ·-· cylinders are 
continuous in one direction with the matriJt: continuous in three 
directions, corresponding to a connectivity of 3-1. If the applied 
field is normal to the axis of the cylinders, and the distance 
"' 
between th~ cylinders is large compared to their radius, the 
r 
' 
dielectric constant can be expressed as, 
Rayleigh's _equation follows the same assumptions as Maxwell's 
in that the cylinders must be separated enough so not to allow ~ 
-...,\ 
\interferei\ce between ,the lines of flux, rendering it only suitable 
for systems with dilute second phases. Both equations of Maxwell \'ti' 
and Rayleigh are similar in form except for the omission of the 
factor of two in Rayleigh's equation. 
Series and Parallel Models 
In many binary systems that have both phases continuous, the 
' 
microstructure follows a laminate type morphology, having a 2-2 
" 
connectivity. Layers having different dielectric properties are 
• • alternately laminated giving rise to a series or parallel 
capacitance·· behavior. In the case where the layers ar~ parallel to 1 · 
19 
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.. the applied field, the capacitances are additive resu1··t:·ing in a 
· mixing rule of the form." . 
.. 
Parallel Mixing 
where k1 and k2 are the respective dielectric constants, and .v1 and 
V 2 are the volume fractions. . The parallel model g\ves an upper 
limit approximation of the dielectric constant for a given volume 
,., 
fraction. 
p 
In composites with the.layers normal to the electric field, the ,\., 
structure can be considered as having capacitors • • 1n series. 
Consequently, the dielectric constants are inversely additive giving 
a series mixing rule of the form below. 
-·series Mixing 
Oppo~ite to the parallel model, the series model gives a lower limit 
approximation to the dielectric constant as a function of volume 
fraction. 
Mitoff 27 has compared Maxwell's model with both the series and 
parallel limits. In figure 4 the dielectric constant of a mixture, 
normalized with respect to the low permittivity phase, is plotted as 
a function of volume fraction of the high permittivity phase. 
Lichtenec,ker and Rother 28 have shown that the parallel and 
series .models can be considered upper and lower limits of the 
., empirical mixing relationship shown below, 
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Figure 4. A comparison of Maxwell's equation to the 
Series and Parallel limits, after Mitoff. 
M1 has the higher k dispersed phase and M2 has the lower k dispersed phase. [27] · 
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where n=l for the parallel mixing rule, and n=-1 for the series 
mixing rule. n For the case where n~o, k = 1 + nlogk. Lichtenecker 
' . 
used this,. identity to derive an intermediate form of the series and 
. . - 17 parallel laws often refered to· as the logarithmic m1x1ng ru.le. 
Lichtenecker Rule 
Although Lichtenecker's model is empirically derived and has little 
physical relevance, it is of ten used with success for composites 
having constituents with similar permittivities. 
General Equations for Dielectric Constants of Mixtures 
Wiener Model 
Wiener29 has developed a g;neral formula of the form below, 
k -1 
, ,,. m 
k +u 
m 
where u i·s a form factoJ;" depending on the shape of the dispersed 
phase. In the case where the dispersed phase is sphere shaped, u 
becomes 2k1 or 2k2 depending on the dispersed phase, and the 
equation takes the Maxwell form. If the dispersed phase. is 
cylindrical shaped and aligned perpendicular to the electric field, 
u=k1 or k 2 and the equation takes the Rayleigh form. Furthermore, 
if u=O the Wiener formula becomes the series mixing mo-del, and if· 
-«, 
I 
.. 
u=00 the parallel rule is formed. 
formula changes with u-factor. 
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Table 1 shows how the Wiener 
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I' 
• <'J 
'I 
. 
!,J• 
,• 
Arrangement 
• 
Layers perpendicular 
to the lines of force 
J.> 
I 
'' 
Cylinders of I in II 
perpendicular to the 
lines of force 
Spheres of I in II 
Cylinders of II in I 
perpendicular to the 
lines of force 
Spheres of II in I 
Layers or discs parallel 
to the lines of force 
u-factor 
0 
" 
K2 
2k2 
kl 
2kl 
~ 
00 
Formula 
•, 
1/k 
"'VI/kl+ V2/k2 m 
k -k 
m 2 
• vl kl-k2 
km+k2 kl+k2 
k -k 
m 2 
• VI kl-k2 
km+2k2 kl-2k2 
k -k V k2-kl m 1 
-
I 
km+kl k2-kl 
I 
k -k k2-kl m 1 
= v2 
k +"k m .... I k2+2kl 
k = \' I k 1 + V2k2 m 
Table 1. The change in u-factor and the resulting 
1 Wi~ner- formula as a function of composite 
a..;. ~· 
morphology, qfter Rushman and Strivens.[31] 
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Reynolds and Hough Model 
Reynolds alld H0ugh 18 have shown that two fundamental equations 
can be used to derive, ·Other formulae for the dietlectric constants in 
heterogeneous systems.· Taking. into account the volume fraction, ) 
shape, and dielectric constant of each phase", they derived the 
equations below,. 
-~ 
' /~ 
/ 
.. 
I 
.. 
!)>:; • 
where km is the complex dielectric constant of the composite, k 1 and 
k2 are the dielectric constants of the two phases, v1 and v2 are the 
volume fractions, and f 1 and f 2 are the electric field ratios 
(f1=E1/E, f 2=E2/E). The first equation is appropriately used in the 
case where sm~ll particles are dispersed in a continuous matrix, 
"•· while the second equation is suitable ·when particle 'sizes for both ,, 
· 18 phases are about the same. 
The problem with the Reynolds and Hough model • 1S the 
determination of the field ratios. The electric field inside a 
second phase particle is depen~ent on its shape, dielectric 
constant, and the average dielectric constant immediately outside 
the particle. Consequently, the field ratios are difficult to 
predict. In the case of spheroids, however, the induced field 
inside a spheroid can be approximated by the expression, 
25 
2 a • cos 1 
-t, 
where ai are the angles made by the spheroid axes .and the applied 
field. For dispersions of randomly oriented particles, the 
2 
numerator cos ai equals 1/3. Ai ~s a shape factor which depends on 
the axial ratios and is plotted in figure 6. Typical values of A. 
1 
for spherical, rod-shaped, and lamellar particles are 1/3, 1/2, and 
~ 0 respectively. k1 is the dielectric constant of the particle, and r .. , 
k* is the average value of the dielectric constant outsi'de .. ~ge 
particle. The values of k* generally range from k2 to km. For 
dilute dispersions the particles do not interact and k* appFoximates 
tQ k2 (the dielectric constant of the matrix). For higher 
.:;., ~f,, ' 
concentrations of particles, k* approximates to km (the dielectric 
constant of the mixture). 
30 Pradhan and Gupta have verified Reynolds and Hough's formula 
for predicting dielectric. constants of composites with spherical, 
lamellar, and rod shaped dispersed second phases. Using the 
approximation k*=km' they separated the real and • • 1mag1nary 
components from the complex dielectric constant in each case, and 
plotted k versus volume fraction. ,, m 
The composites consisted of an epoxy resin matrix with a 
dielectric constant of 2.6 containing either spherical shaped 
silica, rod shaped • zinc oxide, or lamellar shaped magnesia 
particles. They found good correlation between the theoretical and 
experimental values of k, as seen in figure 7. m 
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Figure 6. A plot of shape factor as a function of 
axial ratio .for use with the Reynolds and 
Hough Model. [18] 
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and Hough approach. After Pradhan and Gupta. [30] 
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Experimental Procedure 
,. \ 
Two silica based composites were studied in this work, synthetic 
opal and porous silica. The synthetic opal is commercially available 
* as Gilson opal and consists of dispersed spheres of zirconia in a 
,, 
-r silica matrix. The porous silica samples consist of amorphous fumed 
' 
silica (Degussa Aerosil OX-50) and were prepared .by gelling 
suspensions of fumed· silica in water, as described in the background. 
The porous silica was provided by Dr. D. Johnson at AT&T Bell Labs, jl [ ' 
Murray Hill, N.J •. 
A. Characterization Techniques 
Characterization Techniques for Synthetic Opal 
) 
As mentioned, the Gilson synthetic opal is a binary composite 
consisting of dispersed zirconia spheres in a silica matrix. The 
composite structure . can be considered as having a 3-0 connectivity. 
The structure of the synthetic opal was analyzed using light optical 
microscopy, transmission electron microscopy (TEM), energy dispersive 
x-ray analysis, x-ray diffraction, and stereographic techniques. In 
addition, synthetic opal was sent 'l.a to Coors Analytical Labs· - to 
chemically determine the. percentages of Zr02 and alkali elements. 
For TEM characterization, the samples were prepared by cold 
mounting the opal in epoxy and cutting thin slices using a slbw speed 
diamond saw. The opal slices were then ground further to a thickness 
ri 
of 4 mils w~th SiC paper using water as a lubricant. The mechanically . . 
thinned opal was then fractured to form pieces approximately 3x3mm in 
size and they were mounted on copper TEM grids using heat setting wax. 
* obtained from Bennett-Walls, Rotan, Texas. 
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.. TEM specimens were ion beam thinned using a Gatan twin beam thinner 
.(IBT) until a small hole formed in the sample. The IBT was operated 
at 6kV with an incidence angle of 15 degrees. After a hole formed, 
the incidence angle was lowered to 13 dgrees and the specimen was 
thinned for 10 more minutes. Upon completion of thinning, the samples 
were coated with amorphous carbon to avoid charging effect's and the 
samples were observed in a Philips EM 400 TEM at 120kV. ~ A series of 
bright field TEM micrographs of the synthetic opal were taken, as well 
as selected area diffraction patterns. Bright field and dark field 
scanning transmission electron micrographs were also:taken. 
To perform stereographic analysis, a series of bright field TEM 
micrographs were taken at the same magnification with varying degrees 
of specimen tilt. By determining the average diameter of the Zro2 
spheres,, their projected area fraction, and the thickness of the TEM 
specimen from the micrographs, the volume fraction of zirconia,· V , 
V 
was approximated using Underwood's33 equation shown below. 
" V = A [D/(2D + 3t)] 
V a 
" Here A is the projected area fraction of zirconia spheres, Dis the a 
sphere diameter, and t is. the specimen thickness. This equation 
accounts fo~~article overlap. Results of the stereographic analysis 
were then compared to the chemical analysis results. 
!}I ... 
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Sintering and Characterization Techniques for Porous Silica 
The porous silica· samples proy·iaed by Dr. Johnson at AT&T Bell 
Labs were fabricated by gelling colloidal suspensions of fumed silica 
and water in glass tube· , molds. After gellation the samples were 
' \ 
released from the mold and dried at 600°c. The initial silic\~¥'1 a 
porosity of 65 percent and was extremely fragile to handle. After 
slicing the silica with a slow speed diamond saw, .. samples were placed 
in quartz crucibles and sintered in a horizontal tube furnace at 
~ 0 0 temperatures between 1000 C and 1300 C. Five samples, were obtained 
with porosities of 3, 23, 30, 44, and 5 7 percent. The first four 
samples were sintered at 1300°C for 3 hrs., 12 min., 10 • min., and 5 
min., respectively. The sample with 57 percent porosity was sintered 
at 1180 for 3 hrs. All samples were sintered in air and quenched to" 
room temperature. Apparent densities were measured • using the 
Archimedes principle, ~nd porosity was calculated from the equation, 
P = 1 - p/p , where Pis the porosity, pis the apparent density, and 0 
p0 is the theoretical density (2.20g/cc for silica). 
B. Dielectric Measurement Technique 
Before dielectric measurements were performed, samples were cut 
with a slow speed ·-~diamond saw to get the sides as pa·rallel as 
possible. Next, the samples were ground on 600 grit SiC paper using 
water as a lubricant to assure uniform · ~ample thickness between 
electrodes. Sample thickness was determined • using a micrometer. 
Following grinding, the ", samples were dried and gold-palladium 
electrodes were sputter coated on the samples. Platinum wire leads in 
/ tlie dielectric measurement cell were connected to the Au-Pd electrodes [/ 
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using conductive silver paint. This was done by placing a drop of 
silver paint on each electrode surface and setting the Pt wires on the 
wet paint. The specimen was then inserted into the dielectric 
measurement cell, .. · and the temperature was raised to 130°c for over 
three hours to drive off solvents from the paint. After drying, the 
specimen was removed from the cell and the wire lead contacts were 
checked to assure good connections. 
Dielectric measuremen.. were made • using a General Radio 
capacitance bridge. Capacitance (C) and conductance (G) were measuro,ed 
0 at frequencies between 20Hz and lOOkHz at temperatures between 25 C 
and 500°C. The experiments showed reproducable results within 5 
percent of each other. Relative dielectric constants were calculated 
.using the well known equation, 
CJ'. k = Cd/e: A 
0 
where C is capacitance, d isAthe distance between electrodes; e: is 
$ 0 / 
the permittivity of free space, and A is the area of each electrode. 
Loss tangents were calculated from the equation, 
tan o - G/wC 
"'i 
}' 
where w is the angular frequency. 
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Figure 8. 
_) 
A picture showing. the dielectric measure-
ment apparatus consisting of the di"electric 
measurement cell and the General Radio 
capacitance bridge. 
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I\) Results and Discussion 
A. Stru~ture and Chemical Analysis of Synthetic Opal 
The structure of the synthetic opal consists of small. spheres of 
zirconia dispersed in a silica matrix. Detailed TEM examination 
reveals that the synthetic opal is composed of uniformly sized silica 
spheres packed in or,.dered arrays with smaller zirconia spheres filling 
the interstices. These drdered arrays give rise to differeht stacking 
patterns from the zirconia spheres depending on the orientation of the 
layers. Figure 9 shows a schematic represent,ation of the structure of '\ 
' 
synthetic opal taken from Gauthier. 34 Large and medium sized zirconia J_/ 
spheres fill octahedral and tetrahedral interstices, while the smaller 
spheres fill up the residual space. Such an arrangement has 
periodicity and forms a diffraction grating which gives opal its 
color. 
When viewed in the TEM, the zirconia spheres appear to form 
hexagonal rings or square grid patterns. If the ordered arrangement 
. of the silica spheres is thought of as an fee lattice with zirconia 
spheres • 1n the interstices, hexagonal • rings can be seen • 1n the ""' 
close-packed {111} and the square grid pattern in the {100}. Figure 
lo . h . d. k f · 1 35 . h · · h 
1s a sc emat1c 1agram ta en rom Simonton et. a . s owing ow 
the zirconia spheres form the hexagonal rings and square grid i 
11 patterns. This structure is confirmed by STEM and TEM analysis. 
Figure 11 is a STEM micrograph showing the bright field and annular 
,.,~ 
dark field images. Hexagonal 'rings formed from the zirconia spheres 
are seen in the close-packed plane. The faint outline of uniformly 
sized silica spheres approximately 200nm in size can also be seen. 
34 
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Figure 9. Schematic representation of the structure 
of synthetic opal. Silica spheres are 
packed in ordered arrays with small 
zirconia spheres filling the interstices 
[34] 
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Figure 10. Schematic diagram showing how the zirconia spheres form the··hexagonal ring and square grid patterns. When looking at the close-packed plane hexagonal rings are 
' seen, while the square grid pattern is seen along the faces of the cubes·. [ 35] 
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Figure 11. A STEM micrograph showing the BF and DF 
images of synthetic opal. Zirconia 
spheres appear to form hexagonal rings .-!_n 
the close-packed plane. > 
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In figure 12, the TEM micrograph shows the formation of a square grid 
pattern. The zirconia spheres are on the order o\f 10 to 40nm in size • 
Macroscopic examination of the synthetic opal shows the structure 
f, 
to be composed of columns approximately .,,. .. _,O. 9mm in width, aligned 
parallel to each other. Each column has a diffraction grating which 
scatters light in different directions giving rise to a different 
color. The columns c~n be seen visually due to the difference in 
• V • 
orientation of the diffraction gratings. It was found that these 
columns have a dramatic effect on the dielectric properties. Figure 
13 shows a low magnification color micrograph of synthetic opal 
displaying the co]_ors due to the diffraction grating e{fect. The 
I lower cross-sectional view faintly shows the columns aligned parallel 
to each other. 
A closer look at these columns using TEM, verifies the presence 
of diffraction gratings. In figure 14, the TEM micrograph shows an 
interface between .. two columns, each having a diffraction grating 
oriented in a different direction. These boundaries between the 
columns have been found to have a remarkable effect on the dielectric 
constant, depending on their oriehtation with the electric field. If ,, 
the electric field is applied normal to the boundary, mobile charge 
carriers can become trapped at the boundary and inter£ acial 
polarization can increase the dielectric constant. However, if the 
electric field is applied parallel to the columns, charge carriers do 
not see the interface and interfacial polarization does not occur. 
A number of techniques were used to determine the chemistry of 
the synthetic opal composite. These include electron diffraction, ,, 
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Figure 12. A TEM micrograph taken at 45 degrees from the close-packed plane, showing zirconia spheres forming a square grid arrangement. 
39 
• 
a 
,• 
,.-
' . 
, .. .,,, I 
'I·· 
" 
Figure 13. A low magnification light optical_ 
micrograph showing the colors of synthetic 
opal due to the diffraction grating 
effect. The cross sectional view shows 
columns aligned approximately parallel 
with each other. 
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A TEM micrograph showing the interface 
between two columns, each having 
diffraction grating oriented in 
directions. 
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energy dispersive x-ra.y spectroscopy (EDS), x-ray diffraction (XRD), 
and inductively coupled plasma techniques (ICAP). Selected area 
electron diffraction patterns of the synthetic opal TEM specimens 
showed the presence of diffuse rings due to amorphous silica and 
polycrystalline rings from the dispersed- • • z1rcon1a spheres. The 
spacings of the polycrystalline rings corresponded to the tetragonal 
variety of zirconia. Further x-ray diffraction analysis indicated a 
0 broad diffuse peak at 28=21. 25 , corresponding . to a d spacing of 
4.18A. This also sugge~ted the presence of amorphous\ silica. 
Crystalline peaks found at d spacings of 2.97A and 1.83A indicated the 
{111} and {202} indices of tetragonal zirconia. Similar results were 
.· 35 obtained by Simonton et. al. at Penn State . 
• 
EDS analysis of the bulk silica-zirconia composite also indicated 
a large presence of silicon and a small amount of zirconium. eFigure 
15 is an energy dispersive x-ray spectra showing a large Si K peak 
a 
from the silica matrix and small Zr L and K peaks from the dispersed a a 
zirconia spheres. 
In order to obtain a first ipproximation of the volume percent of 
i .. .. ' ' 
zirconia in the synthetic opal, stereographic analysis was performed 
on several TEM micrographs. A series of bright field TEM micrographs 
were taken with varying degrees of specimen tilt. The thickness of 
the specimen was approximated by imaging the square grid pattern, 
tilting the pattern slightly, and counting the squares through the 
thickness of the sample. By knowirrg the size of the squares (120nm 
. : , from figure 12) the specimen thickness could be approximated. 
Specimen thickness was found to be near 1.5 squares thick, or 180nm. 
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The average zirconia sphere size was determined to be 26nm, and the 
average projected area fraction was 0.07, found by the point intercept 
method. Using Underwood's equation, as described in the experimental 
section, the volume fraction of zirconia was approximated to be 0.003. 
This technique, however, was used only as a first approximation. 
Errors resulted from approximating the thickness of the TEM specimen, 
and averaging the zirconia sphere size. Additional chemical analysis 
was needed to obtain more accurate numbers for the volume fraction of 
• • z1rcon1a. 
For further analysis, synthetic opal was sent to Coors Analytical 
Labs to determine the percentages of zirconia and alkali elements in 
the opal. Table 2 lists the concentrations in weight percent of Si0
2
, 
Zr02 , and • various alkali and metallic elements. The zirconia 
percentage was found to be 3.2 weight percent (1.2 vol. %). Another 
interesting point from the table is that sodium was found to be the 
third largest component in the opal. , This supports the belief that 
sodium • ions are the major contributors to conduction and • • 1on1c 
" 
• i,--· 
polarization. 
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QUANTITATIVE CHEMICAX, ANALYSIS 
ON SYNTHETIC OPAI· 
constituent concentration 
Silica . ................. 96. 61' 
Zirconia ................. 3.21 
Magnesium ............... 1oppm 
Calcium ................. 2oppm 
Sodium . ................ 3 7 Oppm 
Alnminum ................ 2oppm 
Patassium ............... lOppm 
Table 2. Quantitative chemical analysis of synthetic 
opal listing the concentrations of silica, 
zirconia, and various alkali and metallic 
elements. Concentrations are in terms of 
weight percent and ppm. 
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B. Dielectric Properties of Synthetic Opal 
As mentioned previously, dielectric measurements were made using 
i 
a General Radio capacitance bridge, at frequencies between 20Hz and 
lOOkHz and temperatures between 25°c and 500°c. 
1"' 
Measurements were 
repeatable within 5% of each other. Dielectric measurements of the 
synthetic opal were taken with the electric field perpendicular as 
well as parallel to the columnar structure. It was found that the 
relative dielectric constant of synthetic opal was higher ~han that of 
pure silica. This was expected due to the presence of high dielectric 
constant zirconia spheres and interfacial polarization effects. In 
figure 16, the relative dielectric constant is plotted versus 
frequency for the electric field perpendicular to the columns. At 
high frequencies where the dielectric constant 
• 1S independent of 
I' 
electrode polarization effects, the dielectric constant approached 
valu~$ between 7 and 8. With increased temperature, conduction 
effects slightly raised the dielectric copstant. At low frequencies, 
electrode polarization effects artificially raised the dielectric 
~' 
constant due to charge build up on the electrode surface. ... Alkali 
impurities are believed to be the major contributor to this effect. 
In figure 17, the relative dielectric consta~t is plotted versus 
frequency for the electric field aligned parallel to the columns. At 
low frequencies ele~trode polarization is the dominating component 
,, 
resulting in an artificially high dielec~ric constant. However, at 
high frequencies the dielectric constant is electrode polarization 
~ 
independent and an increase • 1n temperature shows a decrease 
• 1n 
dielectric constant. This is believed to be due to 
• • an increase 1n 
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randomness of the ionic dipoles with temperature. Because the random Q 
dipoles contribute more than conduction effects, the dielectric 
,. constant decreases. This is different from the case where the 
electric field is perpendicular to the columns. 
As mentioned before, the interfaces between the columns in 
·synthetic opal have been found to change the dielectric properties 
dramatically. Figure 18 shows a plot of relative dielctric constant 
versus temper}~ure measured at a frequency of 20kHz which is electrode 
polarization independent. As seen in the figure, the dielectric 
constant shows anisotropic behavior with column orientation. When the 
columns are aligned perpendicular to the electric field, the 
dielectric constant is higher and increases with temperature from 2s0 c 
to 500°C. This increase in dielectric constant is believed to be the 
result of interf acial polarization at the column boundaries. The 
boundaries trap charge carriers, which are believed to be alkali ions, 
effectively acting as charge storage sites. Conversely, when the 
columns are aligned parallel to the electric field, the dielectric 
constant decreases with ihcreasing temperature. Charge carriers do 
not see the interface and interf acial polarization does .. not occur. 
With increased temperature, random dipole orientation lowers the 
dielectric constant. 
In comparing the dielectric conptant of synthetic opal to the 
various dielectric mixing models it was found that all of the models 
underestimated the dielectric constant. Assuming the volume fraction 
of zirconia to be 0.012, as determined from chemical analysis, the 
upper limit approximation of the parallel model was used to predict a 
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Figure 18. A plot of relative dielectric constant 
versus temperature, showing the 
anisotropic dtelectric behavior of 
synthetic opal with column orientation. 
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dielectric constant of 4.1. In this approximation, a high dielectric 
constant for zirconia of 21 and a dielectric constant of 3.·9 for 
silica was used. Reasons for the high experimental dielectric 
constant near 7 for synthetic opal might be accounted for by th~ 
.,. 
presence of alkali ion impurities, or interfacial polarization along 
the column boundaries as well as the silica-zirconia interfaces. 
In any case, the structure of synthetic opal is much more complex 
than any of the simplified mixing models. Further, the models 
presented here only account for the morphology of the phases present 
in binary composites. ~ They do not· take into account the presence of 
impurities or interfacial polarization. 
Probably the best dielectric model would be a modification of the 
Rayleigh and Maxwell models. If the columnar structure of synthetic 
opal can be thought of as a modification· of the Rayleigh cylinder 
morphology with the cylinders packed tightly together and the interior ·,re, 
of the columns thought of as a Maxwell model structure, perhaps this 
could more accurately predict the dielectric constant of synthetic 
opal. This, however, still would not account for interfaciab. \ 
polarization effects, and the Rayleigh model would have to be modified 
to account for packed cylinders rather than separated cylinders. 
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C. Structure of Porous Silica 
. The second composite studied was porous silica with the pores 
,, acting as the second phase. · The - samples were produced by gelling 
colloidal suspensions of fumed silica and water and were given to us 
by Dr. D. Johnson at AT&T Bell Labs. Samples were prepared from an 
aqueous dispersion of 800g H2o and 600g Si02 (Degussa Aerosil OX-50). 
The average particle size of the fumed silica was 40 nm before 
gellation. After gelling the suspensions in glass tube molds, the 
gels were released from the molds and fired at 600°C to burn off 
organic_s and dry the samples. A similar process. was described 
previously in section A of the background. 
The initial samples had a porosity of about 65 percent and were 
extremely fragile to handle. Samples of the porous silica were sliced ;lb with light pressure using a slow speed diamond saw and then sintered 
0 0 at temperatures between 1000 C and 1300 C to form composites with 3-3 
and 3-0 connectivity. 
percent were obtained. 
' 
Samples with porosities between O and 60 
The high porosity samples were believed to 
have a connectivity more like 3-3, with the silica network and porous 
" structure being interconnected in three dimensions. The more dense 
samples were expected to have a structure resembling 3-0 connectivity, 
with some isolated pores. Archimedes density measurements a.nd 
apparent porosity calculations seemed to support this assumption. 
l 
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D. Dielectric Properties of Porous Silica t> 
Dielectric me,Flsurements of the porous silica samples were 
performed using the same techniques as for the synthetic opal. It was 
found that for silica samples near full density, the relative 
dielectric constant was 4.38. This is· slightly higher than the 
theoretical value of 3.9 for pure silica, possibly due to impurities 
rQI conduction effects. 
at Rutgers University. 
36 Similar results were obtain by W. Cao et al. 
The>7 measured the dielectric constants of \.<) 
porous gels and found the full density dielectric constant to be 4.5. 
l 
Figure 19 shows a plot of relative dielectric constant versus 
frequency for sol-gel derived silica sintered close to full density. 
At high frequencies, where electrode polarization does not occur, the 
dielectric constant approaches values between 4.3 and 4.4. A slight 
increase of the dielectric constant with temperature • is due to 
conduction effects. At low frequencies, electrode polarization 
artificially • increases the dielectric constant, especially at high 
temperatures. 
The infuence of temperature on the dielectric behavior of porous 
silica also was investigated. Temperature can dramatically change the 
•• dielectric constant since factors such as de conductivity and • ion 
mobility are increased witli temperature. Figure 20 illustrates how 
the 1,dielectric constant increases with temperature for the same low 
porosity sample as in figure 19. At temperatures up to 325°c the 
dielectric constant is stable near 4. 4 with .only a slight increase 
with tempe~acure. Above 325°c, the dielectric constant increases 
due to conduction effects. 
, ....... 
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. In order to compare the dielectric constant results of. porous 
silica to the various mixing models, the dielectric cohStf~t of silica 
at full density (2.20g/cc) was extrapolated from the dielectric 
constant versus density plot. In figure 21, the dielectric constant 
at full density was foubd to be 4.38. It should be mentioned here 
that the dielectric constant at low densities is not accurately 
represented by the straight line since at O density the dielectric 
<> constant should be 1. This is partly because the dielectric constant 
versus density plot does not account for the morphology of the pores. 
However, at high densities, the extrapolated dielectric constant is 
.. 
fairly accurate to the expected value since the effect of pores is 
negligible. 
In comparing the dielectric properties of porous silica to the 
various dielectric mixing models, it was found that at high porosities 
the series model fit the dielectric data the best. At low porosities, 
)however, the parallel model fit the data best. This seems reasonable 
since both models give lower limit and upper limit approximations to 
the dielectric constant. At intermediate porosities, they did not 
correlate well with . the experimental results. An overall best fit, 0 
taking all points into ~onsideration, was · found with Lichtenecker' s I I 
log rule. Table 3 shows a comparison of the experimental dielectric 
properties of porous silica measured at 20kHz versus various mixing 
models. These measurements were made at room temperature. At a 
porosity of O. 5 7 the experimental dielectric .~.onst~nt of l. 53 compares ' 
' \ well with the series approximation of 1.52. On the other end at a~ 
porosity of 0.03 the dielectri~ constant of 4.32 matches well with the \; 
' 
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Comparison of Experimental Dielectric Properties 
of Porous Silica Measured at 20 kHz 
vs. Various Mixing Models 
• 
Porosity Dielectric tan 8 Maxwell Rayleigh Log Parallel Series Constant 
' 
0.57 1.53 0.01206 2.21 2.07 1.88 2.44 
0.44 2.26 0.01124 2.64 2.48 2.41 2.89 
0.30 2.85 0.00347 3.14 2.99 2.81 3.36 
0.03 4.32 0.00131 4.24 4.22 4.19 4.28 
Table 3. Comparison of the experimental dielectric 
properties of porous silica measured at· 
20 kHz versus various mixing models. 
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parallel approximation of 4.28. 
Another interesting effect shown in table 3 is the increase in 
loss tangent with porosity. At a porosity of 0.03 the loss tangent 
was measured to be 0.0013. However, at a porosity of 0.57, the loss 
tangent was much higher, giving a value of 0.012. This is suspected 
r 
to be due to surface conduction along interconnected pores. At low 
porosities there are fewer interconnected pores which leads to a 
decrease in losses. 
As mentioned, the best overall fit to the experimental data for 
porous silica was Lichtenecker's log model. In figure 22, the 
relative dielectric constant is plotted versus porosity. These 
measurements were made at a frequency of 20kHz so that electrode 
polarizatiOn would not be a factor. The dielectric constant used for 
the silica was 4.38 and for the pores, 1. Lichtenecker's model shows 
;a reasonable fit to the experimental data. This agrees well with the 
work of other experimenters. Yarbrough et. 9 al. , for example, 
measured the dielectric properties_ 9f similar porous silica samples 
and found Lichtenecker's model to agree well with their data. 
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Conclusions 
Two silica based composites have· been studied in order to 
correlate their composite structure to· their dielectric properties. 
r The dielectric constants · of synthetic opal and porous silica were 
determined using capacitance bridge measurements and the results were .... 
compared to various dielectric mixing models. 
The synthetic opal composite· was found to have a structure 
similar to the Maxwell dielectric model, however, the dispersed 
zirconia spheres were distributed in a more ordered arrangement. 
Macroscopic examination revealed the structure to consist of columns 
approximately 0.9mm in width, aligned parallel to each other. TEM 
(' investigation found each of the columns to be made up of uniformly 
sized silica spheres, approximately 200nm in size, packed in ordered 
arrays. Smaller zirconia spheres between 10 and 40nm in size filled 
the interstices. This columnar type structure was found to give the 
composite an anisotropic dielectric behavior, depending on column 
orientation. Dielectric measurements made with the electric field ., ... 
perpendicular the 
• increase • 1n 
column boundaries showed an to 
dielectric constant with temperature. This was believed to be due to 
interfacial polarization at the boundaries. When measurements were 
made with the electric field parallel to the columns, charge carriers 
could not see the interface and interfacial polarization did not 
occur. With increased temperature, dipole orientation became more 
random, which lowered the dielectric constant,. 
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' . In comparison to pure silica, the relative dielectric ·constant of 
synthetic opal was found to be higher than the theoretical value of 
3. 9·, approaching values near 7 at high frequencies. This was expected 
due to the high dielectric constant zirconia phase and interfacial 
polarization effects. When compared to the dielectric mixing models, 
the models underestimated the dielectric constant. The upper limit 
approximation of the parallel model gave a dielectric constant of 
4.1, much lower than the experimentally determined value near 7. This 
might be due to the fact that the models do not take into account 
. . 
' 
alkali impurities or interfacial polarization effects. 
'I. 
The ·porou"S silica composites that were studied had apparent 
porosities between O and 60 percent, and could be made with relative 
dielectric constants well below 3. The dielectric constant of 
sintered silica with an apparent porosity of 3 percent, had a 
dielectric constant of 4. 32. This is ·higher than the theoretical 
value of 3.9 for pure silica, possibly due to impurities or 
interfacial polartzation effects. 
Another interesting point shown in table 3 is that the loss 
tangent of porous silica increased with porosity from 0.0013 at 3% 
porosity to 0.012'6 at 57% porosity. This is believed to be due to 
,. 
surface· conduction along interconnected pores. \ In comparing the ' 0 
\ 
experimental dielectric constants of porous silica to 
values from ·the models, Lichtenecker 's log model was shown to give the .. 
best fit with the data. This agrees well with the work of other 
researdhers. 
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